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SUMMARY 


Theory and experiment were compared and found in good agreement for 
the elastic "buckling under combined stresses of long flat plates 
integral waffle -like stiffening in a variety of configurations • 
flat plates, waffle stiffening was found to be the most effective of 
the configurations for the proportions considered over the widest range 
of combinations of compression and shear. 


INTRODUCTION 


"The advantages claimed for integral construction (ref. 1 states) 
are potential increase of structioral efficiency, reduced assembly time, 
and the maintenance of a smooth outer sixrface. The American effort has 
demonstrated that the achievement of these ideals Involves machinery 
and plant of fantastic cost and the reseaxch effort so far expended seems 
to have produced little which is spectacular as regards structural 
efficiency ..." 

Despite the pessimism of reference 1, the machinery and plant facil- 
ities for the production of integrally stiffened construction are becoming 
available both in this country (ref. 2) and abroad (ref. 5)^ research 
effort continues to be directed toward the achievement of the spectacular 
as regards structural efficiency. 

In reference 4, the use of relatively shallow Integral waf^fle-like 
stiffening was shown experimentally to produce substantial Increases in 
the elastic longitudinal compressive buckling stresses of long flat plates, 
particularly when two-way ribbing inclined at + ^5^ to the sides of 

the plate was used. No attempt was made in reference h to correlate the 
experimental results with theoretical predictions because no theory was 
then available for the calcination of the characteristics of Integral 
waffle-like stiffening. Such a theory has now become available (ref. 5) 
and the purpose of the present paper is first to show that this theory, 
together with available theories for the elastic buckling of orthotropic 
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flat plates, is adequate to predict the resiolts of reference 4 anrl addi- 
tional experimental results reported herein for elastic buckling \mder 
combined stresses, and second to survey the relative effectiveness of 
various stiffening configurations as shown by the theories. 

No claim is advanced regarding the spectacularlty of these resizlts, 
but as even the author of reference 1 finally concludes, and the discus- 
sion of his paper (ref. 6) emphasizes, "ihere is no doubt, however, 
that . . . (integrally stiffened) . . . material is well worth while and 
could be iised to advantage in a wide range of applications . " 


S^MBOIS 


b^ heigdi-t of rib (web) , in . 

longitiodlnal bending stiffness, in. -kips 

D 2 transverse bending stiffhess, in. -kips 

Dk longitudinal or transverse tvistlng stiffness, in. -kips 

E Young's modulus, taken as 10-5 X 10^ 555-^1 aluminum 

alloy 

H overall thickness, skin plus ribs, in. 

k^ coefficient in plate -buckling formula for compression 

kg coefficient in plate -buckling formula for shear 

L length of plate, in. 

N^j. longitudinal compressive loading, kips /in. 

shear loading, kips/in. 

t thickness of equal-weight solid plate, in. 

tg skin thickness, in. 

W plate width, in. 

7 shear strain 
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€ compressive strain. 

0 angle of skew of ribbing, deg 

H Poisson's ratio, taken as 0.32 for 355“T6 i aliaminum alloy 

Py Poisson's ratio associated with bending 

CT compressive stress, ksi 

coD 5 >ressive yield stress, ksi 

T shear stress, ksi 

TEST SPECIMENS A3SD PESDCEDURE 


Ihe test specimens used for this investigation included those of 
reference and an additional series similar to those of reference k 
but having minor variations for testing under combined stresses . All 
these specimens were squ^e tdbea approximately 10 Inches wide by 
k5 Inches long made ^Imilnum alloy which had 

been heat-treated and ag^ according to recommended procedtires (ref. 7 
or 8) to produce the t 61 condition. The castings were machined to the 
desired thicknesses and riveted together using comer angles of 
24S-Tk aluminum alloy and 3 / 32 rln-?h-diameter A17S-Tk aJurniinjffl-aJl^ rivets 
at approximately l/2 inda piteS)| 'lE^e 'Corner xr/^X 1/2 

for the compression specimens and l/l6 x 3/^ x 3/k for all other speci- 
mens . For the latter, two rows of rivets were used along each angle leg, 
and in addition the angles were cemented to the castings with Araldite 
cement in order to carry the shear stresses aroiond the corners of the 
tiibes. Nine configurations of integral stiffening were used (see fig. 1) , 
namely longitudinal ribbing, two-way ribbing at - 15 ° + 15 °j -^° + 30 °^ 
-k5° + k5°, -6o° + 6o°, and -75° + 75° "bo the longitudinal axis of the 
specimen, transverse ribbing, longitudinal and transverse ribbing, and 
combined -30° + 30° skewed and transverse ribbing. On all specimens the 
nominal rib cross-sectional dimensions were the same (see fig. 2). '31ie 

rib spacing, meastired as the perpendicular distance between parallel 
ribs, was 1/2 inch on the longitudinally or transversely stiffened plates, 
and 1 inch on all the others except the - 30 ° + 30° + 90 ° ribbing for 


which a 1^-inch spacing was used. 


ihese spacings were such as to keep 


the ribbing material approximately equal in wei^t to sheet 0.050 inch 
thick. Also on all specimens, except in the series of tests of plates 
with -45° + 45° ribbing in which the skin thickness was varied, the nom- 
inal skin thickness tg was 0.050 inch. For the series in which tg 
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was varied, nominal skin thicknesses of 0.025, O.O 5 O, 0.075^ snd 0.100 inch 
•were izsed. 

The compression specimens were tested flat-ended in the 1,200, 000 -pound- 
capacity testing machine . All other specimens -were tested with their ends 
bolted solidly to end fixtures, which reduced the \ms\^ported test length 
by approximately 5 inches, in -the combined load testing machine of the 
Langley structures research labora'tory (see fig. 5) . Buckling was detected 
by "buckle-bars" resting against the sides of the tubes, as -was done in 
reference 4. 

By preselection of the combinations of longitudinal compression and 
shear applied, every effort was made to keep the buckling stresses -within 
the elastic range. For some stiffening configurations, plastic buckling 
(as ■will be discussed in a subsequent section) was not completely a'volded, 
in large meastire because the material properties achie-ved -were substan- 
tially below the handbook values for 355“T^1 (see ref. 7 8) ■ Coii 5 )res- 

sion and shear stress-strain c\arves measured for samples of the specimen 
material are presented in figiare 4; the meas\ared valiie of compressive 
yield stress -was only 28 ksi con 5 )ared to the typical value to be estpected 
of 57 hsl. 

Dimensions of specimens and test data are given in table 1. 


THEORETICAL ANALYSIS 


Elastic longitudinal compressive buckling loads for the test speci- 
mens -were calculated from the formula of reference 9 


Nx = ^ (kc - 2 ) \|DiD 2 + 4Dfc + 2^iyDi 
I— — 


( 1 ) 




where 

»x 


longitudinal compressive loading, klps/in. 


W plate -width, in. 


Di,Dg' 


elastic constants for the proportions and nominal dimensions 
of the test specimens as gi-ven by the formiilas of reference 5 
(experimentally measured values of the coefficients a, 3, 
etc . of those formulas were used) 
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compressive buckling coefficient, determined in the manner of 
reference 9 from a curve (such as that of figure l(b) of 
ref. 10) of compressive buckling coefficient against plate 
aspect ratio for an isotropic flat plate having loaded edges 


fixed and unloaded edges sinqply supported. { It is shown in 


ref. 9 that such a curve may be \ised for orthotropic plates 
if the aspect ratio is calculated as an "effective aspect 

ratio" equal to — \^/^.] 

w \/di I 


Elastic shear buckling loads for the test specimens were calculated 
from the formula of reference 11 



( 2 ) 


where 

Nxy shear loading, kips/in. 

kg shear buckling coefficient, detennined from curves of shear 

buckling coefficient plotted against the inverse of the 
"effective aspect ratio" as defined for compression. Such 
curves, similar to those of reference 11 but for short edges 
clamped and long edges simply supported, are presented in 
figure 5* 

Reductions in calculated buckling loads to allow for plasticity 
were made as follows : 


(l) An "effective" or "equivalent" stress-strain c^I^ve was derived 
from the material stress -strain curve such that the ratio of ordinates 
of the derived and material curves at the same strain was the same as 
the ratio of axial stiffness of tmit -width integrally stiffened plate to 
axial stiffness of unit-width solid plate of equal weight . 


(2) The secant modulus of this reduced stress-strain ciorve at the 
calciilated elastic buckling strain was used as the effective modulus 

Nv/' 

in the buckling equations. The buckling strain was calculated as 


ft 


times the inverse ratio of axial stiffness of unit-width integrally stlf 
fened plate to axial stiffness of unit-width solid plate of equal wei^t 
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The elastic longitudinal con^iressive buckling loads calculated for 
the test specimens are plotted as the solid curves in figures 6(a) 
and 7(a), and the corresponding elastic shear buckling loads as the solid 
curves in figures 6(b) and 7(^) • The corresponding plastic buckling loads 
are plotted as the dashed curves in the same figures . The results of the 
csilculations are also given in table 1. 

For combined longitudinal compression and shear, the buckling loads 
(both elastic and plastic) for the test specimens were calculated assuming 
a parabolic interaction curve between longitudinal compression and shear 
buckling as recommended in reference 12 for built-up sqviare txobes . The 
results of these calcialations are plotted as the solid cvirves (elastic) 
and dashed curves (plastic) in figure 8. 

For comparisons of the relative effectiveness of the various stif- 
fening configurations considered, calculations were also made for the 
buckling under combined stresses of infinitely long, simply supported 
integrally stiffened flat plates having the nominal specimen dimensions . 
These calculations were the same as those carried out for the finite 
length, fixed-ended test specimens except that values of k^ and kg 

corresponding to Infinite values of were used. 

The res\ilts of iiiese calculations for infinitely long plates are 
presented in table 1 and figure 9* 


CQREELATION OF OHEORY AHD EXEERIMENT 


The test results, tabulated in table 1, are plotted as the circles 
nrn^ sqiiares in figures 6 and. 7 for simple longitud 1 nal compression or 
shear loadings and in figure 8 for combined stresses as well. In the 
elastic range, as shown by the general coincidence of solid cvurves, 
dashed curves, and points, correlation between the calcTilated ctarves 
and the test points is generally as good as can be expected in view of 
the inherently poor dimensional, tolerances of sand castings . Beyond the 
elastic range (where solid and dashed ciirves diverge) , the test results 
correlate well in some cases with the calcxilated plastic valxies; in other 
cases the correlation is better if no reduction for plasticity is made. 
Accordingly, while the calciolations of the elastic buckling loads appear 
to be confiimed by the data, no confirmation is made of the calculation 
of plastic buckling loads . Evidently in the plastic range variations 
in material properties from casting to casting in addition to the varia- 
tions in cast dimensions increased the experimental scatter. If, for 
example, those specimens which achieved stresses comparable to the cal- 
culated elastic values were constructed of material having properties 
comparable to the typical handbook values (refs . 7 8) 355 “T 61 alumi- 

num alloy, they should have buckled elastically, and the stresses which 
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they achieved would be in confirmation of the calculations. Buckling 
loads even below those represented by idie dashed cm-ves of figures 6, f, 
and 8 mi gbt . be ejjpected, on the other hand, if the material properties 
of some specimens were even lower than those measured and presented in 
figure Possibly in this category were the three specimens represented 
by the sq.uare test points in figures 6, f, and 8, namely the -45^ + 4-5° 
specimens having a skin thickness of 0.075 inch loaded in con^ression, 
and the -50° + 50° + 90° specimen loaded in shear. The bucl^ing loads 
for these specimens were substantially below even the calculated plastic 
buckling loads . However, because Joint failure occurred in all of these 
specimens , and only in these specimens ( see also ref . 4) , impTOper comer 
attachments would appear to be a more probable cause of the reductions 
in buckling loads for these specimens than low material properties. 


COMPAEUSON OF EFEECTTVEHESS OF VAEIDIE STIFFENING 
CONFIGURATIONS AS LONG FLAT PLATES 

A comparison of the relative effectiveness of the vetrious stiffening 
configurations considered for resisting buckling under various combina- 
tions of longitudinal compression and shear as long flat plates in the 
elastic range is given in figure 9 • Here are plotted interaction curves 
cadciilated from equations (l) and (2) as previously described. 

Hie curves of figure 9 indicate that, of the configurations con- 
sidered, the -45° + 45° pattern is the most effective for pure longitu- 
dinal compression and the -6o° + 6o° pattern is the most effective for 
pure shear. Further, there is evidently little merit in configurations 
having angles of skew of the ribbing greater than 6o° . The effectiveness 
of such configurations is smaller (even in the elastic range), for i 
combinations of longitudinal compression and shear stress, than for angles 
of 6o° or less . 

Beyond the elastic range, angles of skew greater than 6o° would 
become relatively even less effective. In fact, clearly the more plastic 
the stresses, the more nearly the angles of skew must conform, for greatest 
effectiveness, to the 'angles of principal stresses; that is, for longitu- 
dinal compression the angles will approach 0°, for shear the angles will 
approach 45° (see, for example, the dashed curve of figure 6(b) which 
indicates that, for the amoimt of plastic action allowed for in the cal- 
culations associated with the test specimens, the -45° + 45° configura- 
tion is approximately as effective as -fche -6o° + 6o° configuration) . 

The 0° + 90° "til® -50° + 50° + 90° configurations show no out- 
standing characteristics in the elastic range (see fig. 9) • 3h the plastic 
range, however, the 0° + 90° configuration should become relatively more 
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effective in compression, and the -50° + 50° + 90° configuration should 
become relatively more effective in both con^ression and sheeir. Accord- 
ingly, as a kind of ccsapromise, the latter pattern may have at leant a 
limi ted range of efficient application. 

Square -pattern ribbing anerges as the most effective of the patterns 
considered for the widest range of loading conditions. Oriented at 45 ° > 
it is the most effective in the elastic range for longitudinal con^jres- 
sion, as it undoubtedly is hi^ in the plastic range for shear. Rotated 
to the 0° + 90° orientation it can be e:^ected to become more effective 
hi^ in the plastic range in compression, and, correspondingly, rotated 
to the ±50° ^ 60° orientation it can be eaqpected (see ref. 15) to become 
more effective in the elastic range for shear (in the latter case, atten- 
tion must be paid to the direction of the shear stress in the selection 
of the plus and minus directions) - 


CONCLUDING REMARKS 

Experiments on cast specimens have indicated that available theories 
are adequate for the prediction of elaatic buckling of flat plates with 
integral waffle-like atJ^f^nlM. Calcxilations based on the available 
theories show that, for^ ISrig flat plates for a wide range of loading 
conditions, integral waffle-like stiffening of the general proportions 
considered is most effective in a square pattern. The optimum orienta- 
tion of the sq\iare pattern varies some'what with the loading conditions, 
but a - 45 ° + 45° orientation has the most imiversal application. 
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2ABLB 1.. DIHOCHMfi OT 1E5T SML’IMQESji AID 7ALUES 
OF KEASdtra AID CAICULASD BIEXLIHG tciavk 


Stiffening 

arrangeaent, 

:^se 

SJdn 

thldsraa. 

In. 

Owermll 

thlcfcxieaa, 

E 

In. 

Plate 

vldtb, 

V 

In. 

Pi3 cknaiB of 
■ I'jlT. plate, 
t 

In. 

(a) 

Keosu 

bucfcllng 

kipe/ln. 

red 

Joarfs, 

^xy» 

klpa/ln. 

Calc, e 
buckling 

klpa/ln. 

lOfltlO 

liuKla, 

Ixyj 

klpa/ln. 

Calc. I 
bucklloa 

klpa/ln. 

kloatlc 

loeda, 

klpa/ln. 



0 

0.055 

.039 

.056 

.052 

0.2» 

.247 

.251 

10.1 

10.2 

10.1 

10.1 

0.106 

ao 3 

.106 

aio 

oJ*9 

■52 

0 

0 

.12 

■25 

■30 

Q 

0 

0.26 

-32 

.24 

'.16 

^J43 

0 


l>0.43 

0 

0 

^.29 

3.73 

0 

0 

2-35 

-15 + 15 

.060 

.050 

.053 

-257 

10.0 

10.0 

9-9 

.106 

.101 

.107 

.66 

-59 

0 

0 

0 

j6o 

t .65 

0 

0 

^45 

b .65 

0 

°-43 

5.73 

0 

0 

3-72 

-30 + 30 

.066 

.055 

.049 

. 05 a 

■^1 

.246 

IU.2 

10.2 

10.2 

10.2 

.106 

.104 

.096 

.103 

.98 

.90 

.47 

-57 

0 

0 

.61 

.65 

^1.12 

0 

0 

^-79 

i>iai 

0 


n.o 

0 

0 

9-10 

-^5 + i»5 

. 05 a 

.037 

.028 

.224 

.224 

.224 

10 .0 
10.0 
10 .0 

.063 

.080 

.076 

.91 

.82 

0 

0 

0 

•79 

*^ 1.06 

0 

0 

*^.29 

«.B2 

0 

0 

®:93 



-*5 + *^5 

.062 

.056 

.oH 6 

.046 

.047 

■252 

.247 

.250 

.249 

.249 

10.0 

10.0 

10.0 

10.0 

20.0 

aoi 

.101 

.097 

.091 

.099 

1.22 

1.27 

. 80 . 

.81 

0 

0 

0 

.58 

-70 

1.18 

^ 1.38 

0 

0 

‘> 1.63 

1*1.25 

0 

‘^.25 

14.2 

0 

0 

17-5 

“J^5 + ^^5 

.071 

.079 

.069 

.271 

.289 

.274 

loa 
10 a. 
10.0 

■119 

.128 

1 . 2 a 

1.21 

0 

Q 

0 

1-52 

‘^ 1.76 

0 

4.15 

^ 1.59 

0 

i 

0 

^ 1.54 



-^5 + 45 

.096 

.201 

.069 

■2! 

.296 

■297 

10.1 
10 .1 
10.1 


l-l 

0 

0 

0 

1.86 

•2.44 

0 

0 

• 2.96 

• 2.26 

0 

0 

* 2.15 



-*0 + 60 

.057 

.039 

.031 

.055 

.246 

.247 

.248 

.250 

10 a 

10.1 

10.2 

10.2 

.101 

-103 

.106 

.99 

.95 

.97 

•72 

0 

0 

-TT 

1.03 

'’lao 

0 

i 

0 

^ 1.91 

0 


n .0 

0 

0 

19-7 

-75 + 75 

.051 

.248 

.245 

.250 

9.6 

9-8 

9-7 

. 09 a 

.68 

.63 

-47 

0 

0 

.92 

^-60 

0 


i*.6o 

0 

»;.o5 

5-75 

0 

0 

15.6 

50 

.044 

.046 

.060 

.058 

:ia 

.252 

-252 

10.0 

10.1 
10.1 
10.1 

.113 

ai 2 

.114 

ai7 

-49 

0 

•30 

0 

0 

-75 

.39 

b .36 

0 


0 

°.T8 

3-73 

0 

0 

12.4 

0 + 90 

•067 

. 0 ^ 

.045 

.050 

.249 

.250 

.250 

.250 

10.1 
10.1 
10 .1 
10 a 

.111 

.104 

.CfTT 

. 09 & 

.92 

.85 

.42 

0 

0 

0 

.64 

.93 

0.94 

0 

^1.48 

^.94 ' 
0 

°.95 

8.16 

0 

! 

0 

13 -T 

-30 + 30 + 90 

.050 

.050 

.044 

4347 

.247 

.248 

■2.^5 

.250 

10.3 

10.3 

10.5 

10.3 

an 

an 

a22 

.98 

1.23 

0 

.56 

0 

0 

.87 

.82 

^l.lB 

0 

1*1.66 

1 

^ar 

0 


9-32 

0 

0 

14.0 


^Det«rBl«i<l by wight. 

^slc>ila.ted frCH equatloos (l) adil (2) far ivwfnjiT dlMnalons with 

^iLculated front e^iuatlojis (l) md (2) for iKarifMiI «i-riaTTitimin vrltb 

^^T'ilated frOB egnatlona; (ij azid (2) tear nmlnal vltb 

^Calculated frm eguatlona (l) enJ (2) for dlaenxlotiE vltlt 


t 0 - 0 . 0 ^ la. 
ts - 0.025 la. 
tg - 0J375 la. 
tg - 0.100 la. 
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Pigvire 1.- Rib'bing configurations considered: top row, 0° + 90°, 

-50° + 50° + 90°, 90°, and 0°; 'bottom row, -75° + 75°, -15° + 15°, 
-lt.50 + 450^ _30° + 50°, and -60° + 60°. 
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Figure 9«- Calculated elastic interaction curves for ■buckling under com- 
bined longitudinal con?)reasion and shear stresaea of infinitely long 
Btn 5 )ly supported integrally stiffened flat plates of the proportions 
investigated. 
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Because of 1:11© coupling actions associated vith. one-sided stiffening^ 
distortions other than those due to buckling may be of importance for some 
applications. Coupling becomes of greater significance as the depth and 
thiclsness of ribbing increases relative to the skin thickness. Particularly 
if conditions of continuiiy at the edges of the plate are not such as to 
reduce the coupling distortions, the magnitude of these distortions, 
determined from the elastic constants of the plate, shotild be eocamlned before 
rifcblng relatively deeper or thicker than has been Investigated is used. 
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Theory and experiment were compared and found in good agreement for 
the elastic buckling under combined stresses of long flat plates wi’^ 
integral waffle-like stiffening in a variety of configurations . Foi^ suai'^ 
flat plates, 45° waffle stiffening was found to be the most effective of 
- the configurations for the proportions considered over the widest range 
of combinations of compression and shear. 
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